The plastic flow associated with the three main methods of combining deformation mechanisms is described in terms of deformation kinetics. It is shown that the determination of the deformation kinetics as the initial step in the analysis is indispensable to the establishment of the activation parameters in functional forms. To this purpose, the effects of stress and temperature on the plastic strain rate are determined for three types of combined mechanisms, and qualitative comparison with experimental results is presented.
I. Introduction
Plastic flow within the usual stress and temperature ranges is a thermally activated process that is described generally by an Arrhenius-type equation as £P = £oexp(-AGIkT) (1) where ep is the plastic strain rate, EQ is the preexponential factor, k is the Boltzmann constant, and T is the absolute temperature. The Gibbs free
energy of activation, A G, is a function of the effective stress r expressed as [1, 2]

AG(r) = AG0-f Vdr 0
where V is the activation volume.
Experimental results are often described in terms of (1), representing the effect of the stress and temperature by the empirical functions
AG = AG(r, T), V = V(r, T),
and so = £O(T, T). To obtain a physically meaningful description of the experimental results, a kinetics analysis [7, 8] has to be carried out first, that will give the appropriate combination of the mechanisms. Then, as 0340-4811 / 80 / 1100-1152 $ 01.00/0. -Please order a reprint rather than making your own copy.
it is practiced in chemical kinetics studies, the combination of the individual rate constants can be determined [9 -11] . Finally, from the kinetics equation the functional form of AG, V and £o may be derived.
In this study, combinations of the elementary processes are presented in a comprehensive and rigorous manner. The stress and temperature dependence of the strain rate obtained for each combination may serve as a guide for the determination of the kinetics associated with the behavior in the experimental results.
The Combinations of the Elementary Processes
(i) The movement of dislocations along various slip planes [4, 5] , or the simultaneous operation of various types of flow units (dislocations, vacancies) that produce the observed strain rate are controlled by mechanisms that may be designated as "parallel-independent" ("PI").
(ii) "Parallel-dependent" ("PD") association of mechanisms was one of the first combinations utilized to describe the creep behavior of many materials [12] . This association corresponds to the movement of dislocations that encounter obstacles in their slip plane, such as the combined resistance raised by the forest dislocations and various types of precipitates, or the Peierls-Nabarro energy barrier.
(iii) The rate controlling mechanisms are "consecutive" ("C") when the dislocation motion obstacles consist of energy barriers in series. This is the case when the dislocation movement results from double kink nucleation and sideways spreading, controlled by point defects [ where W is the work done by the stress during the activation process, and AG* is the height of the free energy barrier. When backward activation is negligible, Eq. (3) reduces to (1). At low stress level, however, the work terms are small and backward activation must be considered. In fact, at zero stress level, the plastic strain rates resulting from forward and backward activations are equal, and the net plastic strain rate is zero. Equation ( " ,
The behavior of a system of n consecutive energy barriers is usually described by equating the flows Fi (Fig. 2) over the n barriers of the system [8, 20] . The stress dependence of the plastic strain rate can be established from the rigorous kinetics descriptions given by Eqs. (5) to (7). The derivation will be carried out for two energy barriers, because the generalization is easy to obtain [21] [22] [23] . Accordingly, for the parallel-independent processes (5) becomes
Reaction coordinate
for the parallel-dependent mechanisms Eq. (6) is kT r = Ti + t2 = -77-sinh -1 Fi
and, in the case of two consecutive energy barriers, (7) takes the form
In (9) and (11), the terms associated with backward activation have been neglected; they will be considered only qualitatively at low stress level.
The stress dependence of the strain rate is shown in Fig. 3 for the three tj-pes of combination. The curves were calculated with the use of (9) [27 -29] . In Region I a single mechanism is operating, in region II two parallel-independent mechanisms, and in region III either two parallel-dependent or two consecutive mechanisms.
in parallel with a second mechanism, and in region III, there is either a parallel-dependent or a consecutive association of the second mechanism with a third one. The stress dependence of the three Gibbs free energies that could be associated with the three mechanisms is shown schematically in Figure 6 . The activation volume for the third mechanism may be slightly stress dependent, particularly if it controls independently the rate of flow in a wide stress range. The behavior depicted in Fig. 5 usually disappears at higher carbon concentrations and the curve becomes monotonous. This may result from either an upward displacement of curve 1 in Fig. 6 , or a displacement to the Fig. 6 . Schematic stress dependence of the three Gibbs free energies that may be associated with the three mechanisms of Figure 5 . Mechanism 1 is operating in region I, mechanisms 1 and 2 in region II and mechanisms 2 and 3 in region III. At low stress level (shaded region) backward activation becomes noticeable and should be considered. right of curve 2 due to changes in the free energies associated with changes in the carbon content. This tentative description of the experimental results is incomplete by far, nevertheless, it illustrates the possibilities of the kinetics analysis to improve our understanding of deformation behavior.
The Temperature Dependence of the Plastic Strain Rate
The temperature dependence of the strain rate is also obtained from Eqs. (9) 10' r/K" Fig. 9 . The minimum creep rate of copper [32] .
"creep of copper is a multistep reaction composed of at least two and possibly three distinct steps acting in parallel". The temperature dependence of the strain rate in copper is shown in Figure 9 . Li [22] has listed a number of materials for which the plastic flow is controlled by the simultaneous operation of various mechanisms.
Conclusion
Deformation behavior is often controlled by more than one mechanism and the experimental results have to be analyzed accordingly. The present study, based on a rigorous theory, indicates the various behaviors that are associated with the various types of combinations. It has to be recognized that the establishment of a particular kinetics is not an easy undertaking: experimental results have to be obtained in wide stress and temperature ranges for almost the same state of the material, and this is not always possible. Then, the experimental results must be fitted to one of the proposed Eq. (9) to (11) or to the combinations of them, utilizing the method of Hanley and Krausz [33] . It is hoped that more investigators will follow the rigorous method of kinetics analysis and thus contribute to the understanding of deformation behavior.
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Appendix
The steady state net flow over each of the n barriers of the consecutive system shown in Fig. 2 is obtained [8, 20] as
where Qi is the concentration of dislocations (or flow units) in the i-th valley, and the activation rates are expressed for forward activation as [8, 9] [kT\ kT where £0 has been used for -j-so. Hence. Eq. (11) h is obtained.
